Magnetic quantum periodicity in the dc voltage is observed when asymmetric rings are switched between superconducting and normal state by a noise or ac current. This quantum effect is used for detection of a non-equilibrium noise with the help of a system of 667 asymmetric aluminum rings of 1 µm in diameter connected in series. Any noise down to the equilibrium one can be detected with the help of such system with enough great number of asymmetric rings.
INTRODUCTION
Some authors [1] [2] [3] consider superconducting loop as an artificial atom because its spectrum of permitted states is discrete due to the quantization postulated by Bohr's as far back as 1913 in order to describe stable electron orbits of atom. These artificial atoms provide additional experimental opportunities for studies of quantization phenomena. The spectrum of electrons in atom is always discrete whereas the spectrum of the mobile charge carriers is discrete only in superconducting state. Therefore the transition from normal to superconducting state of a mesoscopic or macroscopic loop is the transition from continuous to discrete spectrum of permitted states of the mobile charge carriers. This transition is observed when whole ring [4] or its segment [5, 6] is switched in superconducting state.
According to the orthodox definition of the operator of canonical momentumP = −i ∇ [7] the total angular momentum of superconducting condensate homogeneous in a ring with a radius r and a section s should be equal
to product of the number of superconducting pairs in the ring N s = |Ψ| 2 s2πr and the angular momentum of each pair m p = n. The quantization takes place when all ring segments are in superconducting state because it is a consequence of the requirement l dl∇ϕ = n2π that the complex wave function must be single-valued at any point of the ring Ψ = |Ψ|e iϕ = |Ψ|e i(ϕ+n2π) . The operator of canonical momentum is the sameP = −i ∇ with and without magnetic field [7] whereas the operator of the velocity of a particle with a charge q isv = (P −qA)/m [8] changes in the presence of a magnetic vector potential A. Therefore the velocity v and the superconducting current
can not be equal zero when the magnetic flux inside the ring Φ = l dlA is not divisible Φ = nΦ 0 by the flux quantum Φ 0 = 2π /q. Here L k = ml/sq 2 |Ψ| 2 is the kinetic inductance of the ring with the length l = 2πr, the section s, the density of superconducting pairs |Ψ| 2 and the pair charge q = 2e.
The current (2) should appear when all ring segment are switched in superconducting state and should decay because of dissipation when at least one segment is switched in the normal state with a resistance R [5, 6] . Numerous measurements [9] [10] [11] testify to the predominant probability P n ∝ exp −E n /k B T of the permitted state n (1) with the minimal value of the kinetic energy
The measurements of the critical current [10, 11] testify that two values of the persistent current (2) corresponding to n and n + 1 are observed only in a special case [12] because of the strong discreteness of spectrum (3):
2 at a typical value I p ≈ 1 µA. The persistent current (2) should have the same direction with the predominant probability P n (Φ)/P n+1 (Φ) ≈ exp 40 ≈ 10 17 at a given value Φ ≈ (n + 0.25)Φ 0 and the temperature T ≈ 1 K. The potential voltage with a direct compo- nent V dc may be expected to observe on the segment when it is switched between superconducting and normal states [5, 6] due to this ratchet effect. The dc voltage should oscillate with magnetic field likewise the average value of the persistent current I p = (nΦ 0 − Φ)/L k , where n = n nP n (Φ) and P n (Φ) is the probability of the switching in superconducting state with the quantum number n at magnetic flux inside the ring Φ. Similar oscillations were observed at the switching of asymmetric ring between superconducting and normal states induced by the ac current [10, 13] or a noise [14] [15] [16] [17] . These experimental evidence of the ratchet effect allows to use a system of asymmetric superconducting ring for ultrasensitive detection of non-equilibrium noise. We demonstrate this opportunity on the example of a system of aluminum rings connected in series.
EXPERIMENTAL DETAILS
In this work a structure with 667 asymmetric 1 µm in diameter rings, Fig. 1 , were fabricated by e-beam lithography and lift-off process of 30 nm thick aluminum film. Ring arm widths were 100 and 125 nm for narrow and wide parts, respectively. For this structure, the resistance in the normal state R n = 5400 Ω, the resistance ratio R(300 K)/R(4.2 K) = 2, superconducting transition temperature T c was 1.320 K and the width of resistive transition ∆T c was 0.009 K, Fig.2 . The temperature dependence of the critical current measured without magnetic field is described by the theoretical relation I c = I c (T = 0)(1 − T /T c ) 3/2 , where I c (T = 0) ≈ 520 µA, Fig.2 . The critical current density j c (T = 0) ≈ 10 7 A/cm 2 equals approximately the depairing current density [10] . Mea-
The superconducting resistive transition R/Rn, the temperature dependence of the critical current Ic (squares, the line is the theoretical dependence), of the amplitude of the persistent current Ip,A (triangles, the straight line is the theoretical dependence) and of the amplitude V dc,A (circles) of the dc voltage induced by an undesirable noise measured on the 667 rings. surements were carried out by applying DC, sinusoidal or white noise (bandwidth from DC to 200 kHz) bias current to current leads from ultra low distortion generator with differential output (Stanford Research, Model DS360) whereas, voltage corresponding to rectified, Little-Parks, R(T) or IV signal was measured in a frequency band from 0 to 30 Hz by an instrumentation amplifier (followed by a low-noise preamplifier SR560) at potential leads. Noise level of the amplification system was 20 nVpp for f b = 0 to 1 Hz. It should be noted that rectification effects do not depend on frequency of the bias current at least up to 1 MHz. Magnetic field direction was perpendicular to the ring's plane. Magnetic field time scanning was slow enough ( 0.001-0.1 Hz) so that upper frequency of signal spectrum, which resulted from magnetic field changes, did not exceed 30 Hz. All signals corresponding to rectified voltage, current, temperature and magnetic field were digitized by an 8-channel 16-bit analog-to-digital converter card.
The magnetic field dependences of the critical currents I c+ (B) and I c− (B) were determined by measuring periodically repeating current-voltage characteristics (a period of 10 Hz) in a slowly varying magnetic field B sol (a period of approximately 0.01 Hz) as follows. First, the condition that the structure was in the superconducting state was checked. Next, after the threshold voltage was exceeded (this voltage, set above induced voltages and noises of the measuring system, determined the minimum measurable critical current), magnetic field and critical current (with a delay of about 30 µs) were switched on. This procedure allowed us to measure sequentially critical currents in the positive I c+ and negative I c− directions with respect to the external measuring were measured using sinusoidal current I ext (t) = I 0 sin(2πf t) with the amplitude I 0 up to 50 µA and frequency f = 0.5 ÷ 5 kHz. Because of incomplete screening, the minima of the R(B sol ) solenoid field dependences of resistance and zero rectified voltage V dc (B sol ) were shifted by −B res ≈ −0.15 G. The R(B sol +B res ) dependences had minima at B sol +B res = nΦ 0 /S and maxima at B sol + B res = (n + 0.5)Φ 0 /S and the V dc (B sol +B res ) dependences intersected zero at these values of the total magnetic field B sol + B res . Because the simultaneous reversal of the total external field B and measuring current I ext was equivalent to rotation through 180 o , the equality I c+ (B) = I c− (−B) had to be satisfied. We had I c+ (B sol + B res ) = I c− (−B sol − B res ) for all the dependences measured. This proves that B sol + B res was the total external field also in critical current measurements.
PROPERTIES OF THE 667 RINGS SYSTEM
The observation of the resistive oscillations (the LittleParks effect [18] ) in the temperature region T > T c testify to the existence of the persistent current in the fluctuation region, above superconducting state. The resistance increase from R/R n ≈ 0.22 at B = 0 to R/R n ≈ 0.90 at B ≈ Φ 0 /2S, Fig.3 , corresponds to the critical temperature decrease (the shift of the resistive transition) on ∆T c ≈ −0.01 K. The results of our measurements of the resistive transition made at different value of the measuring current, from I m = 1 nA to I m = 500 nA, allow to find that this shift corresponds to I m ≈ 300 nA. Consequently the amplitude of the persistent current oscillations I p,A ≈ 150 nA at T ≈ 1.325 K > T c ≈ 1.320 K exceeds the value of I m = 1 ÷ 5 nA used for the observation of the Little-Parks oscillations shown on Fig.3 .
The persistent current (2) results to the oscillations of the critical current measured in superconducting state at T < T c , Fig.4 . Magnetic dependence of the critical current of a symmetric ring may be described by the relation
See the deduction of the relation (4) in [10] . This relation describes enough well the experimental dependence of the critical current I c+ , I c− of 667 rings measured in opposite directions, Fig.4 . The discrepancy between theoretical and experimental values near Φ = 0 may be explained the influence of the contacts between rings the width of which is smaller than the total width of two ring-halves, see in [10] . But its cause differs from the expected one, see Fig. 19 in [10] . The anisotropy I c,an appears due to the shift of the dependence I c+ (Φ/Φ 0 ), I c− (Φ/Φ 0 ) in the opposite direction [11] . The shift arrives at a quarter of the flux quantum Φ 0 /4 [10, 11] . The shift of the dependence I c+ (Φ/Φ 0 ), I c− (Φ/Φ 0 ) of the critical current of the 667 rings with r ≈ 0.5 µm is hardly noticeable in comparison with the one of the single ring with r ≈ 2 µm and more strong asymmetry [10, 11] 
DETECTION OF AN UNDESIRABLE NOISE CREATED BY A NOISY EQUIPMENT
A precise detection of any undesirable noise is needed for some purposes. Some precision devices, for example quantum bits, superconducting quantum interference device and others, can not effectively work without precision control of external and internal electric noise. Results of measurements presented on Fig.6 demonstrate that a system of asymmetric superconducting rings connected in series can be effectively used for the detection of a undesirable noise. The amplitude of the dc voltage near Φ ≈ (n + 0.5)Φ 0 does not exceed 0.1 µV when devices Nanovoltmeter Keithley 2182A and Current Sour Keithley 6221, used for temperature measurement, were switched off and increases up to 1 µV when the devices are switched on, Fig.6 . These observations give evidence that these devices creates an undesirable noise. The system of asymmetric superconducting rings may be calibrated with the help of a controllable noise, when the noisy equipment is switched off. The controllable noise with the amplitude I A ≈ 50 nA induces approximately the same value of the dc voltage, as the noisy devices, Fig.6 . We may conclude that the noisy devices induce a noise with the amplitude I A ≈ 50 nA in the system of the 667 rings.
The asymmetric superconducting ring is a ratchet because of the predominate probability of one of the directions of the persistent current. The dc voltage oscillations V dc (Φ/Φ 0 ) are observed when the persistent current exists and when the rings are switched between superconducting and normal state. Their amplitude V dc,A decreases with the temperature increase at T > 1.308 K because of the decrease of the amplitude of the persistent current I p,A , Fig.2 . The persistent current amplitude increases with the temperature decrease, Fig.2 . But the critical current increases also. The non-equilibrium noise can not switch the rings in the normal state when the minimal value of the critical current (4) exceeds its amplitude I A ≈ 50 nA. Therefore the visible oscillations V dc (Φ/Φ 0 ) with the amplitude V dc,A ≥ 0.2 µV are observed only in a narrow temperature region, Fig.2 . This region expands with the increase of the noise amplitude I A and diminishes down to zero with the I A decrease. We can not detect the noise with the amplitude I A < 10 nA because the oscillations V dc (Φ/Φ 0 ) with the amplitude V dc,A < 0.2 µV are not visible for us. In order to detect the smaller noise a system with larger number of asymmetric superconducting rings should be used.
The dc voltage of a system of asymmetric superconducting rings connected in series increases in proportion to the number of rings [13] , as well in series of any dc power sources. The amplitude V dc,A of the oscillations V dc (Φ/Φ 0 ) induced by the same noise increases with the number N of rings connected in series. Therefore the amplitude I A of the detectable noise decreases with the N increase [17] . The noise with the amplitude I A > V A,vis /R n Ef f Re can be detected with the help of a ring system with the resistance in the normal state R n = N R n,1 and the maximum rectification efficiency Ef f Re = V A,max /R n I A when the oscillations V dc (Φ/Φ 0 ) with the amplitude V A,vis are visible. The rectification efficiency of asymmetric aluminium rings is abnormally high Ef f Re ≈ 0.33 in the superconducting state at T < 0.98T c because of the hysteresis of the currentvoltage characteristics in this temperature region [10] . A noise with the amplitude down to I A ≈ 0.1 nA = 10 −10 A could be detected with the help of the 667 ring system with R n ≈ 5400 Ω and this value of the rectification efficiency when V A,vis ≈ 0.2 µV . But the rectification efficiency decreases at T → T c [10] and at I A → 0 [17] . Therefore the noise with the amplitude I A > 10 nA could be detected with the help of our system of 667 rings.
In order the rectification efficiency Ef f Re = i (B, T ) induced by the noise on each ring i should have a maximum value at the same externally produced magnetic field B and the temperature T . Therefore all rings should have the same area S = πr 2 , because Φ = BS, and the same critical temperature T c , because the amplitude V dc,A has maximum at a T /T c value, Fig.2 . It is not difficult technological problem to make a system of N rings with the same radius. It is more difficult to make homogeneous system of rings with the same T c . The resistive transition of a homogeneous system has a finite width because of thermal fluctuations [19] . A system is not quite homogeneous if its resistive transition is wider than the one of the ideal system. The width ∆T c (0.1 ÷ 0.9R n ) ≈ 0.02 K of the transition R(T ) of the rings system used in [17] is approximately three times more than the ideal one ≈ 0.006 K. The width ∆T c (0.1 ÷ 0.9R n ) ≈ 0.009 K of the system used in this work corresponds approximately the ideal one. Therefore the rectification efficiency can not be increased with the help of a more homogeneous system.
One may increase the rectification efficiency of each ring Ef f Re,1 = V dc,i /R n,1 I A . Here R n,1 ≈ 5400/667 Ω ≈ 8 Ω is the resistance of one ring in the normal state. The dc voltage up to V dc,i ≈ V dc,A /667 ≈ 1.5 nV is induced by the noise with I A ≈ 50 nA on each ring and Ef f Re,1 ≈ 0.004. The V dc,A depends from the amplitude of the persistent current I p,A rather than from the noise amplitude I A . The amplitude I A should exceed the critical current (4) in order the oscillations V dc (Φ/Φ 0 ) could be observed. Therefore the value I p,A should be higher and the critical current I c = I c0 −2I p,A 2|n−Φ/Φ 0 | should have a non-zero but small value in order the relation V dc,i /I A could have highest value. The temperature dependencies I c0 (T ) and I p,A (T ), Fig.2 , correspond to the theory [19] according to which the depairing current I c0 = 2sn s q /m √ 3ξ(T ) and
and I p,A (T ) ∝ (1 − T /T c ) because the density of superconducting pairs n s = |Ψ| 2 ∝ (1 − T /T c ) and the correlation length ξ(T ) = ξ(0)(1 − T /T c ) −1/2 . According to the relation I c0 /I p,A = 4r/ √ 3ξ(T ) the amplitude of the persistent current equals the critical cur-
Consequently one may expect that the rectification efficiency will increase with the radius r decrease because I p,A (T ) ∝ (1 − T /T c ). The noise with the amplitude I A ≈ 50 nA can induce the dc voltage V dc (Φ/Φ 0 ) in the temperature region down to T /T c ≈ 0.98 where I c (Φ = 0) ≈ 250 nA, Fig.2 , because the persistent current reduces strongly the critical current in the temperature region T /T c > 0.98. According to the theoretical dependence I p,A (T ), I c0 (T ) obtained on the base of our experimental result the equality I p,A (T ) ≈ I c0 (T ) is observed 1 − T /T c ≈ 0.01. This value ( √ 3ξ(0)/4r) 2 ≈ 0.01 corresponds to the ring radius r ≈ 0.5 µm and the correlation length of aluminium film ξ(0) ≈ 0.1 µm at T = 0 [17] . One may expect that a noise with the amplitude I A < 50 nA will induce the dc voltage V dc (Φ/Φ 0 ) in a system of aluminium rings with the diameter 2r ≈ 0.3 µm in the temperature region T /T c ≈ 0.9 where the persistent current is much higher.
CONCLUSION
The induction of the quantum oscillation of the dc voltage by a non-equilibrium noise was observed first on an asymmetric superconducting quantum interference device as far back as 1967 [20] . The observations of the oscillations V dc (Φ/Φ 0 ) with the amplitude up to V A ≈ 15 µV on the device with the resistance R n ≈ 2 Ω indicate that the amplitude of an uncontrollable noise in the measuring system of the authors [20] exceeds strongly I A ≈ 20 µA. This ratchet effect was rediscovered in 35 years when the oscillations V dc (Φ/Φ 0 ) with the amplitude up to V A ≈ 1.2 µV were observed on a single asymmetric aluminium ring with R n ≈ 15 Ω [14] . The amplitude of a non-equilibrium noise should exceed 3 µA in order to induce such oscillations. The visible oscillations V dc (Φ/Φ 0 ) vanished after the reduction of the non-equilibrium noise with the help of screening and filtration. But the reduced noise could be detected with the help of bigger number of rings connected in series. The noise with I A > 3 µA induced the visible oscillations with V A ≈ 1.2 µV on a single asymmetric ring [14] whereas the visible oscillations with V A > 0.2 µV could not be observed on a system of 18 rings [10] when the non-equilibrium noise was reduced more than by a factor of ten, down to I A ≈ 0.25 µA. This reduced noise could be detected with the help of a system of 110 rings connected in series [15] . The oscillations V dc (Φ/Φ 0 ) with V A ≤ 0.6 µV visible in [15] have become invisible after the additional filtration of the non-equilibrium noise with low-temperature π-filters and coaxial resistive twisted pairs. The noise reduced down to I A ≈ 20 nA could be detected with the help of 1080 rings [17] .
Thus, the quantum oscillations V dc (Φ/Φ 0 ) diminish rather than disappear when the non-equilibrium noise is reduced a thousand times, from I A > 20 µA in [20] down to I A ≈ 20 nA in [17] . The invisible oscillations V dc (Φ/Φ 0 ) can by made visible due to the summing up of the dc voltage. Could the oscillations V dc (Φ/Φ 0 ) disappear? Contemporary progress of nano-technology allows to answer on this question. It is not inconceivable that the oscillations V dc (Φ/Φ 0 ) observed in [17] on 1080 rings will be possible to make invisible with the help of an additional filtration of the non-equilibrium noise. But these oscillations will be possible to make visible again with the help of a system with a bigger number of rings. This possibility to increase the sensitivity of the noise detector has practical importance. It may also answer on a fundamental question: "Could the equilibrium noise induce the quantum oscillations of the dc voltage?" One can assume such possibility due to the observations of the persistent current in the fluctuation region near superconducting transition, where the ring resistance is not zero, Fig.2 . The progress of nano-technology has allowed to observe the persistent current also in normal metal rings [21, 22] . It is well known that the electric current I circulating in a ring induces the potential difference V = I(R h − R l )/2 on the ring halves having different resistance R h > R l . The progress of nano-technology allows to make a system of numerous asymmetric (with R h > R l ) normal metal nano-rings connected in series. Measurements of such system can answer on the question: "Would the persistent current induce the potential difference?"
